The Peruvian upwelling system encompasses the most intense and shallowest oxygen minimum zone (OMZ) in the ocean. This system shows pronounced submesoscale activity like filaments and fronts. We carried out glider-based observations off Peru during austral summer 2013 to investigate whether submesoscale frontal processes ventilate the Peruvian OMZ. We present observational evidence for the subduction of highly oxygenated surface water in a submesoscale cold filament. The subduction event ventilates the oxycline but does not reach OMZ core waters. In a regional submesoscale-permitting model we study the pathways of newly upwelled water. About 50% of upwelled virtual floats are subducted below the mixed layer within 5 days emphasizing a hitherto unrecognized importance of subduction for the ventilation of the Peruvian oxycline.
Introduction
The Peruvian upwelling region, being one of the four major eastern boundary upwelling systems, is characterized by pronounced mesoscale and submesoscale variability such as eddies and filaments [Capet et al., 2008a; McWilliams et al., 2009] . This variability plays a key role for the offshore and downward export of physical and biogeochemical properties from the productive surface coastal region [Rossi et al., 2008 [Rossi et al., , 2009 Lathuilière et al., 2010; Gruber et al., 2011; Nagai et al., 2015] . Submesoscale processes operate on horizontal scales of less than the Rossby radius of deformation ranging from fronts and filaments O(1-10 km) to mixed layer instabilities O(1 km) and symmetric instabilities O(100 m) [e.g., Haine and Marshall, 1998; Boccaletti et al., 2007; Thomas et al., 2008; McWilliams et al., 2009 McWilliams et al., , 2015 McWilliams, 2016] . Here we focus on the upper part of this regime, submesoscale filaments and fronts. Submesoscale frontal processes drive large vertical velocities and enhance vertical tracer fluxes in the upper ocean [Mahadevan and Tandon, 2006; Capet et al., 2008b; Thomas et al., 2008] . The highly productive Peruvian upwelling region encompasses the most intense and shallowest oxygen minimum zone (OMZ) in the ocean [Karstensen et al., 2008] with oxygen concentrations below 1 μmol/L in its core [Revsbech et al., 2009; Kalvelage et al., 2013] . The oxycline (i.e., the transition from the oxygenated surface waters to the OMZ) is often very shallow (around 30 m) near the coast [Hamersley et al., 2007] . Due to the vicinity of the oxygenated mixed layer and the OMZ waters below, vertical advective motion driven by submesoscale frontal dynamics might be a key process for the vertical supply of oxygen into the OMZ. While a large number of observational and model studies have addressed the role of upwelling filaments for the offshore transport of physical and biogeochemical properties in the Californian [Flament et al., 1985; Strub et al., 1991; Kadko et al., 1991; Barth et al., 2002; Nagai et al., 2015] , Iberian/Canarian [Barton et al., 2004; Cravo et al., 2010] , and Benguela upwelling systems [Lutjeharms et al., 1991] , the Peru region has received less attention. Pietri et al. [2013] use glider observations to investigate the formation of submesoscale hydrographic structures due to mesoscale stirring. The authors hypothesize that subduction might also be important for the formation of fine-scale structures. Yet no observational evidence for the subduction of highly oxygenated surface waters off Peru driven by submesoscale processes has been presented. Here we investigate whether submesoscale frontal processes ventilate the Peruvian OMZ. To this end we make use of high-resolution glider-based observations carried out off Peru near 14 ∘ S in austral summer 2013 during active upwelling. Additionally, submesoscale-permitting regional ocean circulation model output is analyzed to put the instantaneous short-term observations in a broader spatial and temporal context. 
Observational and Model Data

Glider and Satellite Observations
The observational part of this study is based on high-resolution measurements of one Slocum glider collected during a multiplatform observational campaign in January and February 2013 off Peru between 12 ∘ and 14 ∘ S in the framework of the interdisciplinary collaborative research center SFB 754 "Climate-Biogeochemistry Interactions in the Tropical Ocean" funded by the Deutsche Forschungsgemeinschaft. Temperature, salinity, oxygen, and fluorescence (chlorophyll) measurements of the upper 70 m at a horizontal and vertical resolution of about 1 km and 1 m, respectively, are shown. A detailed description of the data processing and calibration is presented in Thomsen et al. [2016] . The glider goes back and forth every 4-5 days along a 100 km transect perpendicular to the coast near 13 ∘ 30'S ( Figure 1a) . The transects capture the signature of an evolving submesoscale cold filament between 21 January and 11 February 2013 (Figures 1 and 2) . Snapshots of sea surface temperature (SST) Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua/Terra (http://oceandata.sci.gsfc.nasa.gov) are used to put the glider measurements into a regional context.
Regional Ocean Model
A regional ocean model quasi-equilibrium simulation (ROMS) McWilliams, 2005, 2009 ] of the Peruvian upwelling region is used to investigate the pathways of newly upwelled water. The model domain spans from 16 ∘ S to 4.5 ∘ S along the coast to about 880 km offshore at a horizontal resolution of 2.2 km and 42 terrain-following vertical levels (sigma coordinates). It is nested offline in a Peru-Chile model with 7.5 km horizontal resolution as in McWilliams et al. [2009] and uses boundary conditions from the climatological simulation analyzed by Colas et al. [2012] . The model is forced with the Scatterometer Climatology of Ocean Winds [Risien and Chelton, 2008] and the Comprehensive Ocean Atmosphere Data Set surface fluxes. The 7.5 km model is initialized by the Simple Ocean Data Assimilation model at 1/4 ∘ and run for a total of 8 years [Colas et al., 2012] . After a 3 year spin-up, initial state and boundary conditions from the 7.5 km model are interpolated on the 2.2 km grid and run for another 5 years. The last 4 years of this 2.2 km run are analyzed.
The model shows a realistic near-coastal circulation with a mean poleward Peru-Chile Undercurrent of 0.15 m/s centered at 150 m depth at 15 ∘ S (not shown), which is comparable to observational estimates of 0.14 m/s between 12 ∘ and 15 ∘ S . The model simulates pronounced submesoscale variability such as filaments and fronts in the SST distribution as seen in the observations (Figures 1-3) . The model shows slightly colder temperatures (∼1 ∘ C) compared to the observations.
To study the circulation of newly upwelled water, virtual floats are advected offline by the 4 h average modeled flow using the ROMS offline tool [Carr et al., 2008; Capet et al., 2004] . Fifty thousand virtual floats are seeded randomly between 78 and 75 ∘ W and 16 and 12 ∘ S in the upper 50 m and 150 m of the water column, respectively, in summer and winter. Floats were released at time t = 0 and are advected forward for 1 day (Figure 3 ). All floats which enter the mixed layer during this day (thus representative of newly upwelled water) and have densities above 25 kg/m 3 and 25.75 kg/m 3 , respectively, in summer and winter, are selected. This procedure explains the spatially inhomogenous distribution of the float positions at day 1, which are more abundant in areas of strong upwelling (Figures 3a-3c ). Starting at day 1 all floats are advected forward in time until day 20. For each of the 4 model years, 10 float experiments at 10 consecutive starting days are carried out per season with a random subsample of 100 float. Thus in total 8000 floats (4000 per season) pathways are analyzed.
Results
Observed Subduction of Surface Water in a Submesoscale Cold Filament
The formation and decay of a submesoscale cold filament is captured by satellite and glider-based observations off Peru near 14 ∘ S (Figures 1a and 2 ). The temporal evolution of the SST is shown in Figures 2a-2d . Two distinct water mass features are present in the upper 40 m of the water column in the observations. Low-salinity (35.05-35.24 g/kg) features are found at temperatures ranges between 16.75 and 20 ∘ C, and high oxygen (>245 μmol/kg) features are present in slightly warmer waters (17.5-22 ∘ C) indicated in black and white contours, respectively (Figures 2i-2l and 2m-2p ). In the following we use these distinct water mass characteristics to learn about the evolution of these features during the formation and decay of the filament.
Both low-salinity and high oxygen concentrations are found close to the surface above 10 m depth during the formation of the filament (Figures 2i and 2m) . The high oxygen concentrations result both from equilibration with atmosphere and biological production. The 245-250 μmol/kg oxygen in newly upwelled waters may be explicable by pure air-sea gas exchange given the temperature and salinity range of (17-18 ∘ C, 35.15-35.2 g/kg) observed during the whole glider deployment near the coast during upwelling. However, our observations show oxygen concentrations above 250 μmol/kg (locally > 280 μmol/kg, Figure 2m ) pointing to oxygen production by phytoplankton blooming in the upwelled waters as indicated by high chlorophyll fluorescence of 20 μg/L (Figure 2q ).
Four days later the filament is fully developed (Figure 2b ) and salinity and oxygen features with similar characteristics are found 90-120 km offshore at 10 to 20 m depth (Figures 2j and 2n) . After the decay of the filament and the relaxation of the upwelling front the salinity and oxygen features are found at around 25 m depth 75-100 km offshore (Figures 2l and 2p ). We estimate a net oxygen production at this depth of 4-9 μmol/kg using observed chlorophyll concentrations (2-4 μg/L, Figure 2t ), a chlorophyll to carbon ratio for the Peruvian upwelling regime of 0.02 [Behrenfeld et al., 2005] and a photosynthetic quotient of 1.4 [Laws, 1991] and assuming 30% light reduction. However, the oxygen anomalies are associated with apparent oxygen utilization between −45 and −15 μmol/kg (black dashed contour in Figure 2p ), which can be explained by much higher net oxygen production of 33-44 μmol/kg near the surface where chlorophyll concentrations of 15-20 μg/L are observed (Figure 2q ). These observations suggest that the water masses are subducted within the filament. An important finding is that the subduction of the highly oxygenated water reaches into the oxycline but not into the OMZ core (<1 μmol/kg oxygen) (Figure 2p ).
Due to alongshore advection and the three-dimensional nature of the subduction process, our observations likely do not capture the same water masses at each transect. However, water with similar hydrographic characteristics is upwelled along the Peruvian coastline (Figures 1 and 2) , which justifies our two-dimensional analysis. To broaden the scope of the analysis, we make use of a three-dimensional model which simulates submesoscale filaments, enabling to study the pathways and characteristics of a large number of subducted water parcels.
Modeled Subduction of Newly Upwelled Water
The evolution of a simulated filament, which forms in mid-January and has horizontal scales of O(100/10 km, length/width) as the observed filament (Figure 2) , is described to illustrate the capability of the model to simulate subduction in cold filaments (Figure 3 ). Salinity intrusions of horizontal O(10 km) and vertical O(20 m) scales are simulated by the model reaching down to about 60 m depth (Figures 3m-3o) . The observed salinity structures show horizontal and vertical scales of the same order (Figures 2i-2l ) but reach only to about 40 m depth. The difference might be related to the slightly too broad thermocline in the model but could also be due to the fact that we only compare two snapshots in highly turbulent flow. The model captures the high salinity water mass (Figures 3m-3o ) associated with the offshore subtropical surface water [Fiedler and Talley, 2006] , which is also seen in the glider observations (Figures 3i-3l ).
Downward velocities of up to 45 m/d are simulated within the cold filament (Figures 3g-3i ) especially in areas of enhanced cyclonic relative vorticity (Figures 3g-3i) . The frontogenesis function is calculated following Hoskins and Bretherton [1972] to investigate the driving mechanism for the vertical velocities (see caption of Figure 3 for calculation) . At the temperature fronts, associated with the cold filament, enhanced values of the frontogenesis function suggest that the vertical velocities are indeed driven by frontogenesis (Figures 3g-3i) . The most intense subduction occurs in a narrow band on the cold side of the temperature fronts (Figures 3d-3i ) as already pointed out by earlier studies [e.g., Mahadevan and Tandon, 2006; Capet et al., 2008b; Nagai et al., 2015] . These analysis supports our interpretation that the observed and modeled tracer structures result from downward motion within the cold filaments as expected from cold filamentary intensification Gula et al., 2014; McWilliams et al., 2015] .
The model simulates subduction in filaments with horizontal and vertical scales and hydrography comparable to our observations. Thus, we carry out numerical Lagrangian diagnostics to investigate whether subduction is regularly active, how it compares to the magnitude of upwelling, and whether its observed depth is representative of summer conditions. The horizontal float positions at day 1 for a typical Lagrangian experiment are shown in Figure 3a together with the simulated SST. At this time all floats are in the mixed layer, which is typically around 15 m deep near the coast in summer. During the following days the floats can take two different pathways, which are shown with example trajectories of floats A and B in Figure 3 . Float A remains within the mixed layer and crosses several isopycnals thus reaching lower densities during its offshore movement (Figure 3) . In contrast, float B is subducted mainly along isopycnals and reaches 55 m depth after 10 days of drift (Figures 3i and 3l) .
A large portion of the floats move offshore in cold filaments (Figures 3b and 3c) . A synthetic view of the subducted water mass pathways taking into account all the cold filaments that are present in mid-January to mid-February in four consecutive model years is shown in Figure 4 . The maximum subduction depth of about 65 m (Figure 4e ) is reached within a few days (Figure 4a ). Floats that stay in the mixed layer while moving offshore tend to get lighter and cross isopycnals as they warm (Figure 4c ). In summer more than 99.5% of the floats become lighter during their time in the mixed layer (Figures 4c, 4e , and 4g) due to strong surface heating occurring off Peru. In contrast, the floats that are subducted tend to keep their density (Figure 4c) . The less time they spend in the warming mixed layer while moving offshore, the deeper they are subducted (Figure 4e ). In particular, the amount of buoyancy gain (e.g., due to atmospheric warming and lateral mixing with warmer offshore waters) is crucial for the final subduction depth (Figure 4e ).
The simulation-based results help to interpret the glider observations. The latter demonstrate the absence of highly oxygenated waters below 30 m depth (Figures 2o and 2p ). This can be explained by the fact that it takes several days until the upwelled oxygen-depleted water becomes oxygen enriched by both air-sea gas exchange and oxygen production by a phytoplankton bloom (Figures 2m and 2q) . During this time the waters are found close to the surface and they gradually warm while they are advected offshore. This implies that the subduction of newly upwelled water cannot reach into the density range of the OMZ during summer. However, the oxycline is indeed ventilated by this rapid subduction process as the newly upwelled water carries a large amount of oxygen once it has either equilibrated to the atmosphere or received oxygen by photosynthesis (Figure 2p ).
In order to see how much of the newly upwelled water is subducted within a few days, we separated the simulated floats into the ones which stay in the mixed layer (e.g., float A) and those which are subducted (e.g., float B) (Figure 3) . The temporal evolution of the mixed layer float inventory is shown in Figure 4h . The short-term oscillations of the inventory result from the diurnal cycle of the mixed layer depth driven by diurnal surface forcing (i.e., diurnal cycle of the incoming solar flux). We vary the starting day of the float release and carried out the same diagnostic in four different years of the model quasi-equilibrium solution to test for robustness. A relatively stable fraction of 50% of the floats is subducted within about 5 days. This implies that 50% of the newly upwelled water leaves the mixed layer within about 5 days and ventilates the oxycline. The relationship between the final subduction depth after 20 days and the density difference ( day=20 -day=1 ) is shown for 500 example floats (black (blue) in mixed layer in summer (winter); red (green) below mixed layer in summer (winter)). Probability density function of all floats ((f ) depth and (g) density) in summer (black) and winter (red) at days 1 and 20. The temporal evolution of the fraction of floats residing within the mixed layer are shown in Figure 4g for summer (black) and winter (red). The floats enter the mixed layer between days 0 and 1 and are advected forward in time until day 20.
Discussion and Conclusion
Observational evidence for the subduction of newly upwelled, well-oxygenated surface water within a submesoscale cold filament off Peru is given. Lagrangian diagnostics in a submesoscale-permitting numerical model simulation support the interpretation of the observations. The subduction ventilates the upper oxycline but does not reach into the OMZ itself during summer. This is because the newly upwelled waters gain buoyancy due to surface heating and thus cannot be subducted into the density range of OMZ core waters.
The upper boundary of the Peruvian OMZ is characterized by high oxygen consumption rates primarily due to high heterotrophic microbial activity sustained by the downward flux of organic matter [Revsbech et al., 2009; Kalvelage et al., 2015] . The oxygen consumption rates measured by Kalvelage et al. [2015] could not be balanced by their simple one-dimensional diffusion model estimate. This points to the importance of along-isopycnal eddy-driven oxygen supply [Colas et al., 2013; Thomsen et al., 2016] to meet the high oxygen demand of aerobic remineralization processes. Given that our model does not fully resolve the submesoscale regime, we expect that the vertical exchange intensity is probably underestimated at this resolution [Capet et al., 2008b] . Vertical exchange processes such as symmetric instabilities [Haine and Marshall, 1998 ], which act on lateral scales of some hundreds of meters, are not resolved. Also, the effects of high-frequency winds and atmosphere-ocean coupling are not included as our monthly climatologically forced simulations. For example, if local winds are aligned with submesoscale fronts, Ekman buoyancy fluxes might lead to a deeper subduction depth [Thomas and Lee, 2005] . However, given that the winds are relatively steady off Peru [Oerder et al., 2016] , we assume that these effects on the behavior of the floats are minor.
A model study in the Gulf Stream region [Gula et al., 2014] and a combined multiplatform observational/ biogeochemical model study in the subpolar North Atlantic [Omand et al., 2015] highlight the importance of submesoscale eddy-driven export of surface waters into the ocean interior. In both studies much larger subduction depths (∼250-300 m) than those reported here are reached. In Gula et al. [2014] this might be related to the density front of the Gulf Stream which reaches much deeper than that off Peru and thus allows much deeper along-isopycnal pathways. The vertical scale of a front is crucial for vertical penetration of submesoscale eddy fluxes [Ramachandran et al., 2014] . Second, the water is cooled at the surface in the Gulf stream region, resulting in a density increase and thus greater subduction depths [Gula et al., 2014] . This contrasts with the summer situation presented here and indicates that subduction depths might increase during winter in the region.
To further investigate the seasonal variability of subduction, we carry out a float experiment in winter (mid-June to mid-July), when surface cooling occurs. Indeed, we find much deeper subduction depths of up to 120 m off Peru in the model (Figures 4b and 4f ). This can be partly explained by the deeper mixed layer (up to 65 m) in winter (Figures 4e and 4f ) and by the cooling of the upwelled waters (Figure 4g ). While in summer less than 0.5% of the floats become denser, in winter around 15% experience a buoyancy loss and most floats mainly keep their initial density (Figure 4g ). The absence of strong warming after the upwelling event in winter thus allows ventilation along isopycnals to deeper depth. Thus, submesoscale processes may ventilate the upper part of the OMZ during winter. However, as high-resolution measurements in winter are missing, further observations are necessary to test this hypothesis. In particular, a seasonal cycle of the oxygen distribution exists off Peru, which includes variations in the depth and vertical structure of the oxycline [Czeschel et al., 2015] . Consequently, we advocate for the collection of additional high-resolution physical-biogeochemical observations at different seasons. Guided by these observations submesoscale-permitting physical-biogeochemical model simulations should be carried out to further understand the role of submesoscale frontal processes for the oxygen ventilation off Peru.
Filaments and fronts are common features within eastern boundary upwelling systems, all of which encompass large OMZs. However, most state-of-the-art large-and regional-scale physical-biogeochemical ocean models do not resolve submesoscale fronts and filaments and the associated downward transport of oxygen and other tracers. Even if the subduction event observed off Peru only reaches into the oxygenated part of the thermocline, the associated ventilation mechanism likely influences the shape and depth of the upper boundary of OMZs, which would probably be shallower without this process.
